Cell migration is an essential feature of eukaryotic life, required for processes ranging from feeding and phagoctyosis to development, healing, and immunity. Migration requires the actin cytoskeleton, specifically the localized polymerization of actin filaments underneath the plasma membrane. Here we summarize recent developments in actin biology that particularly affect structures at the leading edge of the cell, including the structure of actin branches, the multiple pathways that lead to cytoskeleton assembly and disassembly, and the role of blebs. Future progress depends on connecting these processes and components to the dynamic behavior of the whole cell in three dimensions.
Introduction
Actin assembly provides a major force for cell movement, in particular by driving the protrusions such as lamellipods and filopods that propel the leading edge. In the past decade, a string of advances led to a satisfying and increasingly coherent model of how polymerization of actin filaments can allow cells to migrate. These include the reconstitution of minimal actin-based motility machines from purified proteins (Loisel et al., 1999; Ma et al., 1998) . While these breakthroughs emphasized that a subset of motility could be recreated in relatively simple systems, subsequent years have continued to reveal the complexity of actin systems at work in eukaryotic cells. New actin regulatory proteins are still being discovered every year and there is much left to be revealed about how they all function.
Actin powers protrusions by polymerizing just under the plasma membrane. The cell has two basic choices of filament geometry: branched filaments leading to sheet-like protrusions, or long parallel or bundled filaments leading to spikes. Once filaments are established, they can elongate without help (although they are assisted in vivo by various proteins that bind to monomers or to filament ends), but there is a strong kinetic barrier to initiating (''nucleating'') new filaments. Branched filament networks found in sheet-like protrusions and on the surface of internal vesicular structures are assembled by Arp2/3 complex. The main activators of Arp2/3 complex are the WASP family proteins, of which the best known are Wiskott-Aldrich Syndrome Protein (WASP) and Suppressor of cyclic AMP receptor mutation and WASP and Verprolin homologous protein (SCAR/WAVE), which have multiple isoforms in mammals. WASP family proteins act as scaffolds that couple signal intermediates to the initiation of actin branches by the Arp2/3 complex, and thus allow signaling to catalyze rapid filament growth. A series of biochemical experiments, together with electron microscopy, have shown that Arp2/3 complex nucleates new actin filaments in the form of branches off the sides of preexisting filaments (Figure 1 and Pollard, 2007) and that this process drives lamellipodia (sheetlike) protrusion. Spiky protrusions such as filopodia can be formed in two ways: from branched networks by the actions of actin bundling proteins such as fascin, or directly nucleated as unbranched actin filaments by the formin family of proteins ( Figure 1 ). The role of formins has been fully described in recent reviews (Chhabra and Higgs, 2007; Pollard, 2007) , so we will only describe some new developments. While the field has identified some of the major players in the formation of structures such as lamellipodia and filopodia, much remains to be discovered about the mechanism of assembly and dynamics of these and related structures in actual physiological settings.
Receptors in the plasma membrane signaling to small GTPases such as Rho, Rac, and Cdc42 can trigger nucleation of new actin filaments via specific downstream pathways to generate either branched or linear filament arrays. The discovery of these pathways at the turn of the millennium promised a clear understanding of how cells move (reviewed in Heasman and Ridley, 2008) . While the discovery of how small GTPases control actin structures and dynamics in cells has revolutionized cell biology, it is clear that the control of actin-based processes is multidimensional and that no simple linear relationship exists between activation of a GTPase and any single cellular structure output. Various guanine nucleotide exchange factors (GEFs, which activate GTPases) and GTPase activating proteins (GAPs, which cause inactivation) provide specificity and thus allow signaling networks to drive multiple cell processes via a relatively small (around 25 in humans) set of Rho family members. Additionally, lipids and proteins in the plasma membrane provide spatial information and an additional level of control for actinbased protrusions. Hundreds of actin binding proteins also participate by modifying filament structures and regulating their turnover and dynamics-including examples that can sever and cut up old networks, chaperone actin monomers, and regulate subunit addition and loss at the filament ends.
While lamellipodia and filopodia are seen as the main types of protrusions that cells produce when moving on 2D surfaces, other structures are also important for motility. For example, when cells are moving in 3D matrices, they need to squeeze through the matrix, rather than just walk across it, so they look and behave very differently to cells on a flat surface. They frequently appear to use fat, bubble-like protrusions called blebs, which are initially driven by hydrostatic pressure rather than by actin polymerization. Cells in 3D matrices also move using pseudopods that are bulkier and rounder than the sheet-like lamellipodia seen in cells moving on flat surfaces. Both blebs and fat pseudopods may be key to certain forms of migration in 3D. While they have been recently reviewed in full elsewhere (Charras and Paluch, 2008; Charras et al., 2005; Fackler and Grosse, 2008; Mitchison et al., 2008) , we will discuss some of the more recent developments.
Molecular Mechanisms of Branch Formation
The Arp2/3 complex is one of the main powerhouses of actin filament generation and biochemical and cell biological data suggest that it nucleates new actin filaments from the sides of preexisting filaments in the form of branched networks. Arp2/3 complex consists of seven subunits, with Arp2 and Arp3 being similar in structure and sequence to actin, and the other five subunits (ARPC1-5) being unique and highly conserved in evolution (Machesky and Gould, 1999) . Arp2/3 complex in its pure form is biochemically inactive, but becomes maximally activated via interactions with both a WASP family protein C-terminal sequence known as VCA and an actin filament. Because the Arp2/3 complex only shows maximal activity in vitro as a part of this multimolecular structure, it has been difficult to visualize the so-called activated state of the complex.
Several recent advances in our understanding of the mechanism of actin branch formation have led to a detailed molecular picture of how the Arp2/3 complex functions (Figure 2 ). Since Arp2/3 complex is thought to undergo major structural changes when it interacts with WASP family proteins and actin filaments (Robinson et al., 2001) , the holy grail in the field has been structural information about the activated Arp2/3 complex and its interactions with activators. The original X-ray crystal structure of Arp2/3 shows the inactive complex, in which Arp2 and Arp3 reside in an arrangement that is incompatible with nucleation of the daughter branch filament and in which much of the Arp2 structure is unresolved (Robinson et al., 2001) . Additionally, Arp3 is nucleotide free in the original structure, leaving the nucleotide binding pocket wide open. Newer structures have added the ATP back to Arp3 and observed conformational changes (Kiselar et al., 2007; Nolen and Pollard, 2007) , but the conformation of the Arp2/3 complex when it is bound to a mother filament and to the appropriate WASP family activator (s) has not yet been visualized directly.
Biochemical experiments have provided hints about the structure of the activated complex, and have suggested mechanisms for the activation cycle of Arp2/3-complex-based actin nucleation. The C-terminal tail of N-WASP and its relatives can be directly crosslinked to Arp2, Arp3, and ARPC1 (Pan et al., 2004; Weaver et al., 2002) , suggesting interactions between these subunits and WASP proteins. Recent biochemical data shows that Arp2/3 complex lacking the Arp2 subunit is still able to bind to the N-WASP tail, meaning that Arp2 is not essential for the interaction (Nolen and Pollard, 2008) . However, Arp2-free complex does not nucleate actin, supporting the idea that Arp2 and Arp3 cooperate to form an active dimer for nucleation. This is further supported by studies using structural mass spectrometry, where peptides from both Arp2 and Arp3 have been found to both interact with WASP, consistent with a closed conformation resembling an actin dimer for these subunits (Kiselar et al., 2007) . Kinetic modeling of the activation cycle for Arp2/3 complex shows that the interaction of Arp2/3 complex with actin filaments is the slowest step in the assembly of branches, perhaps because of the large conformational changes required of both the Arp2/3 complex and the mother filament and their large surface area of contact (Beltzner and Pollard, 2008) .
In an elegant attempt to force Arp2/3 into its active state, a synthetically activated complex has been generated in which actin is crosslinked to the activating peptide from N-WASP (Figure 2 ). This formed an N-WASP:actin:Arp2/3 cocomplex that could be completely purified and analyzed by X-ray scattering . This complex is not in a branch junction, which may affect how representative of the active state it is, but it is bound to N-WASP and the first new actin subunit of the branch. This model, together with studies of actin and WASP-homology 2 (WH2) domain interactions (Lee et al., 2007; Rebowski et al., 2008) , suggests that the tail of N-WASP makes extensive contacts with the Arp2 subunit of the Arp2/3 complex, which spotlights Arp2 as the subunit that contacts the first new actin monomer of the daughter filament. The X-ray scattering model of Boczkowska et al. compares with electron tomography studies of an actual branch junction to reveal conformational changes in both the Arp2/3 complex and the mother actin filament that are important for branch formation (Rouiller et al., 2008) (Figure 2 ). Rouiller et al. provide the first and best-resolved structure of the activated Arp2/3 complex, Review although this complex is not in association with a WASP family protein. Arp2/3 complex has an extensive area of contact with the mother filament, with all seven subunits of Arp2/3 complex implicated. The studies of Rouiller and Boczkowska et al. together basically agree on the orientation of Arp2/3 complex in branch junctions and provide the most detailed insight yet into how the molecules that coordinate actin assembly at the leading edge of the cell participate in branch formation.
While there are still details that are unclear between the various studies, the clear consensus is that the Arp2/3 complex makes new filaments by side-branching. Whatever the precise branch structure is during nucleation, it appears that the Arp2 and Arp3 subunits form the base for the initiation of the new daughter filament. The C-terminal acidic and WH2 domains of WASP proteins likely bind in an extended conformation along the first actin subunit of the new filament, and along Arp2 and other subunits of the Arp2/3 complex . The binding of WASP family proteins and the loading of ATP to Arp3, as well as its binding to the mother filament, are likely to be key for the conformational change that activates the Arp2/3 complex. Also possibly important in regulation of the ''activated state'' of Arp2/3 complex is that the Arp2 subunit contains two phosphorylation sites, one a threonine and the other a tyrosine. Biochemically, phosphorylation of at least one site is required for actin-nucleating activity, though neither kinase has yet been identified (LeClaire et al., 2008) . Perhaps further structural and biochemical studies will be needed to try to reconcile the recent finding that N-WASP and likely also WASP act as dimers to activate Arp2/3 complex (Padrick et al., 2008) . This may also change our interpretation of the X-ray scattering model of Arp2/3 complex bound to WASP, since we don't know where the second WASP binding site might be. The 3D geometry of how branches form in actin networks, and how the process is regulated, is rapidly becoming very conceptually complicated.
Regulation of the Arp2/3 Complex While we are rapidly gaining a picture of the geometry and structure of how actin branches are initiated and formed, it is also becoming increasingly clear that because the Arp2/3 complex is so important as a regulator of actin dynamics, its regulation in cells is tightly controlled and multidimensional. The WASP family members act as scaffolds to integrate signals from small GTPases such as Rac and Cdc42, signal adapters such as Grb2 and Nck, membrane phospholipids such as PIP2, and protein kinases. If the integrated signal exceeds the threshold Boczkowska et al. (2008) . The mother and daughter filaments and their respective barbed or (+) ends are modeled in for reference (white and gray), but the precise organization of the branch was not addressed in this study. Subdomains 1-4 of actin and Arp2 and subdomains 2 and 4 of Arp3 are numbered. ARPC1-5 represent the five subunits of the Arp2/3 complex besides the actin-related proteins Arp2 and Arp3. In the active structure, Arp2 moves to occupy a filament-like conformation next to Arp3. The first actin subunit (blue), bound to the WCA region in the C terminus of N-WASP (long thin red and purple; labeled W for WH2 motif, C for connecting motif, and A for acidic motif), binds at the barbed end of Arp2. Trp499 of N-WASP is thought to be key for the interaction of N-WASP with Arp2/3 complex and is highlighted here. The position of the actin-binding W motif in the activated complex is derived from the crystal structure (Chereau et al., 2005) . for activation, they become activated and transmit the signal to actin polymerization through the Arp2/3 complex. In mammals, WASP family members fall into three groups: WASPs (WASP and N-WASP); SCAR/WAVEs (SCAR/WAVE1-3); and the recently identified WASH, WHAMM, and JMY (Campellone et al., 2008; Linardopoulou et al., 2007; Zuchero et al., 2009) . WASP was the first to be discovered. It is expressed exclusively in hematopoietic cells and its mutation or absence causes a range of immune system dysfunctions known collectively as WiskottAldrich Syndrome (Ochs and Thrasher, 2006) . N-WASP is a near-ubiquitously expressed homolog of WASP. The WASPs are activated by Cdc42 and regulate endocytic processes at the plasma membrane and some aspects of migration. Recent in vitro data suggest that N-WASP may also be a target of Rac1, although this has yet to be shown in cells (Tomasevic et al., 2007) . SCAR/WAVE proteins (Bear et al., 1998; Machesky and Insall, 1998; Miki et al., 1998) are particularly important at the leading edge of migrating cells, and are specifically controlled by Rac proteins (Figure 3) . WASH, WHAMM, and JMY are poorly understood, but appear to have a role in coupling intracellular vesicle behavior to the actin cytoskeleton.
SCAR/WAVE proteins are exclusively found in vivo in a fivemembered complex (known variously as the SCAR/WAVE complex, WAVE Abi Nap PIR121 [WANP] complex, or WAVE Regulatory Complex [WRC] ). The complex members are strongly conserved throughout eukaryotic evolution and in mammals consist of a single selection from each of the groups listed in Table 1 . This confusing range of names transpired because each component was identified, often multiple times, before the nature of the complex emerged; different organisms use additional names for some subunits, adding to the confusion. Since many of the mammalian subunits have multiple isoforms, it has been very difficult to unravel whether the different possible combinations have different physiological functions. Many publications have compared the biochemistry of complexes with various isoforms, but no clear differences have yet been revealed among them. This is even true for isoforms of SCAR/WAVEs, as it was originally published that SCAR/WAVE1 was specifically required for dorsal ruffle formation (Suetsugu et al., 2003) , but this was later shown not to be generally the case (Legg et al., 2007) .
Proteins in the Abi family, which were originally identified as targets of the Abelson kinase, are clearly key components of the SCAR/WAVE regulatory complex ( Figure 3 ). Abelson (c-Abl) is a conserved protooncogene that has been implicated in growth and differentiation, but also cell motility, for example during Drosophila embryogenesis (Comer et al., 1998) . The first direct connection between Abi proteins and actin emerged with the identification of the SCAR/WAVE regulatory complex (Eden et al., 2002 ; though curiously, Abi is barely visible in Eden et al.'s purified complex; see Figure 1 in Eden et al., 2002) . Since then it has emerged as a core member of the SCAR/WAVE complex in all organisms examined, including Dictyostelium (Pollitt and Insall, 2008) and plants (Uhrig et al., 2007) , demonstrating that its connection with SCAR/WAVE is evolutionarily far older than its interaction with Abelson kinase. However, recent data suggest that Abi proteins have a wider role as a hub involved in multiple actin regulatory pathways. Abi directly connects the SCAR/WAVE complex with another major actinassembling formin protein, mDia2 (Yang et al., 2007) , suggesting Certain cells, for example cultured Drosophila MLDmD16-c1 cells (left, showing staining of actin filaments), have leading edges that comprise simple lamellipods organized by SCAR/WAVE. Others, for example J774 mouse macrophages (right, showing filamentous actin), are mostly made up of filopods, which are thought to be driven by diaphanous-related formins (DRFs). However, the majority of migrating cells-for example mouse melanoma cells (center left, showing filamentous actin) and growth cones from chick dorsal root ganglion neurites (center right, with filamentous actin shown in green)-have hybrid leading edges that include elements of both structures with different degrees of dominance. It is not clear to what extent the SCAR/WAVE complex and formins cross-regulate in these cells, or whether the cross-regulation is inhibitory or stimulatory, but the system is plainly complex. The SCAR/WAVE complex consists of five subunits (SCAR/WAVE, H [HSPC300], Abi, Nap1, and PIR121-see Table 1 ). Arrows are shown from WASP, EPS8, and NAV2 to Abi, to indicate that these proteins have been associated with stimulation of signals to migration via a connection with Abi and possibly with the SCAR/WAVE complex Innocenti et al., 2005; Schmidt et al., 2009 ). The question marks indicate possible unknown regulators that control the balance between the filopod-and lamellipod-producing activities of the two complexes. Rac is thought to be the main activator of the SCAR/WAVE complex, while Rho and Cdc42 are more tightly connected with formins. Photo Credits: ML-DmD16-c1 cell: Buzz Baum, University College London; melanoma cell: Ireen Kö nig, Beatson Institute, Glasgow; neurite: Rachel Jackson and Britta Eickholt, King's College London; macrophage: Simon Johnston, University of Birmingham.
cross-regulation of Arp2/3-complex-generated actin branches and formin-generated parallel filaments. Abi proteins also interact with mDia formins at cell junctions and contribute to cadherin-based adhesion through an unknown mechanism (Ryu et al., 2009) . Abi has been shown to interact with a number of other proteins at the interface of signaling and migration, particularly N-WASP (Innocenti et al., 2005) , the adaptor protein EPS8 Roffers-Agarwal et al., 2005) , and the motility regulator NAV2/unc-53 (Schmidt et al., 2009 Models for the regulation of the SCAR/WAVE complex have been controversial, and progress has been confounded by the differences in methods of analysis and handling of the purified or reconstituted complex. Rac1 is clearly a central regulatorthe active GTP-bound form binds to the PIR121 subunit, and Rac is genetically linked to SCAR/WAVE function in Drosophila (Kunda et al., 2003) . However, surprisingly few studies have actually addressed the role of Rac1 binding to the complex in cells or localized the Rac1 binding site precisely (Kobayashi et al., 1998) . The control of SCAR/WAVE complex is likely to be multilayered (Blagg et al., 2003; Ibarra et al., 2006; Weiner et al., 2006) . When the complex was first identified (Eden et al., 2002) , it was proposed that the role of the larger complex members is to inhibit SCAR/WAVE, and that Rac1 activates SCAR/WAVE by causing their dissociation. Further studies suggested that the complete SCAR/WAVE complex was constitutively active, and Rac1 merely served to localize the complex to the membrane at sites of new actin assembly (Innocenti et al., 2004; Kim et al., 2006) . However, some of the controversy appears to be resolving, with recent papers finding that intact SCAR/WAVE complex is normally inactive, as originally suggested, but that GTP-bound Rac1 causes activation via a conformational change, rather than dissociation of inhibitory components of the complex (Derivery et al., 2009; Ismail et al., 2009 ).
The conflicting nature of the evidence suggests that this huge molecular complex is hard to purify or reconstitute in the native state that occurs in cytoplasm. Many of the subunits are phosphorylated at multiple sites, with unknown physiological consequences. Partial proteolysis, subunit dissociation, and aggregation state are also likely to affect some biochemical preparations. Ismail et al. point out that they have achieved around a 10-fold higher activity of their activated complex than some previous reports through more careful biochemistry (avoiding freezethaw, etc.). It is clear that a standard needs to be developed by which to judge how active purified or reconstituted SCAR/ WAVE complex ought to be before we can evaluate data from biochemical reconstitutions in a meaningful way. Investigators using in vitro actin nucleation assays should also quantify their results with parameters such as the number of barbed ends created in an assay, rather than just show a series of polymerization curves, since this would allow direct, meaningful comparison with other studies.
Formins and VASP in Filopodia and Cables
Formins can cause the assembly of long parallel networks of actin filaments, which are used in structures such as filopodia and stress fibers (Figure 1 ). They initiate new actin filament assembly by recruiting actin monomers and causing them to form a new filament seed. They are then able to maintain filament elongation by remaining bound to the fast growing end and promoting addition of further monomers (Kovar and Pollard, 2004; Romero et al., 2004) . In living cells, actin monomers that are ready for polymerization are usually complexed to profilin in a complex that has a unique ability to add on to the fast growing ends of actin filaments, thus promoting rapid filament assembly. Many organisms have multiple isoforms of profilin, which appear to be tailored to work together with specific formins to promote actin assembly (Neidt et al., 2009 ). Monomer addition is greatly enhanced by the recruitment of profilin-actin complexes via a proline-rich sequence in the formin-homology 1 (FH1) region. The formin-homology 2 (FH2) domain, containing two antiparallel actin binding domains, acts as a processive motor for elongation and promotes the addition of the profilinactin complexes to the fast growing filament end (Shimada et al., 2004; Xu et al., 2004) .
Among the formins of mice and humans are the three diaphanous-related formins (DRFs; confusingly, DRF1 = mDia1, DRF2 = mDia3, and DRF3 = mDia2). They have overlapping yet distinct functions and biochemical differences, and show some tissuespecific expression. They have been implicated in a wide variety of cellular processes and they interact with the microtubule cytoskeleton to affect microtubule stability. As connectors between the actin and microtubule cytoskeletons, they have roles in cytokinesis, membrane trafficking, and cell motility and adhesion. A thorough discussion of the function of DRFs is beyond the scope of this review, but we refer the readers to excellent recent reviews (Chhabra and Higgs, 2007; Paul and Pollard, 2009) .
Vasodilator stimulated phosphoprotein (VASP), and its relatives Mena and EVL, function to promote the elongation of actin filament arrays in both filopodia and lamellipodia, and have been termed actin filament ''anticappers'' by virtue of their ability to remain associated dynamically with filament growing ends and prevent them from being blocked by capping proteins (Bear and Gertler, 2009). VASP proteins promote the formation of unbranched actin networks in lamellipodia, and promote formation and elongation of filopodia. VASP proteins have been extensively studied, in particular biochemically, with inconsistent results. However, a recent study that analyzes the activity of VASP both in solution and on rigid surfaces may resolve some of the controversies . This study showed that VASP delivers actin monomer to the rapidly growing end of actin filaments nonprocessively, apparently staying bound to the side of the actin filament after it delivers the monomer. Interestingly, when VASP is on a bead, but not when it is free in solution, it can processively elongate actin filaments even in the presence of rather high concentrations of capping proteins. This suggests that clusters of VASP on a surface change the dynamics such that VASP becomes an efficient anticapping protein, perhaps via steric interference. Biochemical work using mixtures of proteins that fully reconstitute motility suggests that VASP promotes a loose connection between actin networks with the surface that the actin is pushing against and thus modifies the diffusive properties of proteins associated with the actin-membrane interface (Trichet et al., 2007 (Trichet et al., , 2008 . While this observation has not yet been confirmed in cells, it suggests an interesting contrast with proteins such as N-WASP, which are thought to attach the actin machinery to the plasma membrane (Co et al., 2007; Weisswange et al., 2009) . Perhaps by modulating the actin-membrane interface, VASP and N-WASP could control the shapes and dynamics of various actin structures that push on membranes. The mechanism by which VASP loosens actin-membrane interactions, like many aspects of VASP biology, is not yet clear.
In addition to their role in promoting actin assembly at the leading edge of cells, VASP proteins also localize to both cellcell and cell-matrix adhesions and regulate their dynamics. Much of their function at these structures is probably mediated through regulation of actin dynamics. It was recently discovered that Mena (but not VASP and EVL) specifically interacts with the tumor suppressor protein TES (Boeda et al., 2007) . TES binds to Mena, competing with other ligands of the proline-rich region, and may thus function to maintain a cytoplasmic inactive pool of Mena. Loss of TES in tumors may lead to enhanced Mena activity, and thus motility and adhesion changes that promote tumorigenesis. Perhaps in agreement with the idea that Mena could be a tumor metastasis promoting factor, an isoform of Mena has been recently found to be specifically upregulated in some tumors (Goswami et al., 2009; Philippar et al., 2008) . Mena also interacts with Abi, a core component of the SCAR/ WAVE actin nucleation complex (see above), providing another pathway that could promote tumor cell migration (Tani et al., 2003) .
Separating Filopodia and Lamellipodia
Despite various mechanisms of action, geometry, and control pathways, actin nucleators generate the same product: new growing actin filaments. One emerging debate is whether they work in concert or in opposition. Beli et al. (2008) propose that DRFs and Arp2/3 antagonize each other, thus creating a tugof-war between filopods and lamellipods, while Yang et al. propose a more cooperative existence of these two master regulators (Yang et al., 2007) (Figure 3) . Beli et al. found that SCAR/WAVE and its regulatory complex bind to the formin mDia2 and hold it inactive. Loss of SCAR/WAVE or any of its regulatory complex caused an increase in mDia2-induced filopods, again suggesting an ''either-or'' decision between filopods and lamellipods. However, Yang et al. (2007) found a similar interaction between the SCAR/WAVE complex and mDia2, but concluded that the formin was a cofactor in lamellipod assembly, rather than a competitor. They showed the growth of filopodia induced by mDia2 from within lamellipodial protrusions. Filopodia can arise within lamellipodia, through the coalescence of actin networks into spikes (Svitkina et al., 2003) . While it is clear that lamellipodia are not necessary for filopodia to form, and there is strong evidence that high levels of Arp2/3 complex are also not a prerequisite (Steffen et al., 2006) , it is clear that filopodia can arise from within lamellipodial networks, and that Arp2/3 complex and SCAR/WAVE2 do localize within dynamic filopodia (Johnston et al., 2008; Stradal et al., 2001) . Evidence points to SCAR/WAVE, rather than N-WASP or WASP, as the principal Arp2/3 activators at the leading edge, particularly in cells that use broad lamellipods. N-WASP is present at the leading edge of carcinoma cells, but does not significantly contribute to protrusion (Sarmiento et al., 2008) . However, simultaneous knockdown of SCAR/WAVE2 and N-WASP reveals that a different formin, mDia1, is responsive to epidermal growth factor (EGF) in the formation of jagged protrusions that resemble filopods (Sarmiento et al., 2008) . It is interesting that this study highlights a role for mDia1, when the other two studies emphasized that they only see mDia2, not mDia1, playing a significant role in microspikes and filopodia. Clearly, there is still room for clarification of the interplay between Arp2/3 and formins in actin dynamics.
When interpreting data like these, it is important to bear in mind the existence of linkages between different actin-dependent processes. Knockdown of a single protein will have multiple effects within the cell, which could each alter actin dynamics in a different way. For example, if endocytosis and vesicle trafficking are perturbed by protein knockdown, as will be the case for at least N-WASP and possibly some of the mDia proteins, this will affect receptor levels, integrin levels, and a myriad of indirect factors that will change lamellipodial dynamics. In addition, the levels of monomeric actin that are available might be expected to be quite different in cells where SCAR/WAVE or WASP proteins have been disabled. Thus filopodia assembly could be driven by simple increases in the available actin monomer pool, instead of (or in addition to) via direct inhibition by the SCAR/WAVE proteins. Other important considerations include differences in cell type-many labs choose the cell type that gives them a consistent and reliable output-but this means different labs have different standard models. Finally, cells likely use these pathways antagonistically or synergistically depending on the context and the physiological process that they are involved in.
Recycling and Remodeling of Filament Structures
For cells to move, actin must be depolymerized as well as polymerized, to ensure a consistent supply of new actin monomers. Filament elongation must also be terminated once initiated, to ensure that only the most productively oriented filaments are growing to create pushing force. Thus, the cell contains various Review proteins whose job is thought to be recycling actin by breaking apart old actin networks and recharging actin monomers with ATP for polymerization into new filaments. We will describe recent developments surrounding the activities of cofilin, coronin, and profilin, all implicated in the remodeling of actin networks and the provision of rapid turnover at the leading edge.
Cofilin, a small actin depolymerizing protein, continues to be linked with generating new actin networks and disassembling old ones (van Rheenen et al., 2009 ). There has been some controversy in the field over whether cofilin is primarily acting at the leading edge to sever established filaments in order to generate uncapped, short actin filaments to seed new actin polymerization, or to break down and depolymerize old networks for recycling. New evidence in support of a role in recycling comes from a thorough study of the exchange rates of lamellipodial proteins by Lai et al. (2008) . They show that SCAR/WAVE, the Arp2/3 complex, and actin are exclusively incorporated into the lamellipod at the leading edge, whereas the bulk of cofilin and another Arp2/3 regulator, cortactin, act throughout the lamellipod. This implies that cofilin mainly acts late in the process, on actin nucleated by the Arp2/3 complex, and thus recycles old networks rather than starting new ones. These data do not agree with earlier reports showing cofilin activity in a zone that is closer to the plasma membrane than it is to the Arp2/3 complex nucleation zone in lamellipodia (DesMarais et al., 2004; Sidani et al., 2007) . However, cofilin severs filaments optimally when it is at low density in vitro, calling for caution in the interpretation of studies claiming that localization is directly comparable to activity (Andrianantoandro and Pollard, 2006; Chan et al., 2009b; Pavlov et al., 2007) . A new twist in our understanding of cofilin also comes from Chan et al., who found that cofilin not only severs actin networks, but can also debranch them (Chan et al., 2009a) . Cofilin binds to ADP actin filaments and induces a twist in the filament, which can lead to breakage (McGough et al., 1997) , but this twisting can also lead to the loss of actin branches.
Coronin has recently come to the forefront of the field as a major remodeling protein that can act in concert with cofilin at the leading edge of cells. New activities have been identified for coronin, placing it as a key mobilizer of actin networks, both branched and linear. A range of different genetic experiments had previously shown that coronins interact with and inhibit the Arp2/3 complex, perhaps by freezing it in an open and inactive conformation (Etzrodt et al., 2006; Rodal et al., 2005) . Coronins also can stabilize actin filaments against depolymerization by cofilin by binding along the sides of filaments. New structural data suggest that coronin makes contact with three protomers of the actin filament, similar to the binding of three other proteins: nebulin, xin, and the salmonella protein SipA (Galkin et al., 2008) . Thus coronin is said to have a ''stapling'' effect, in that it binds the actin protomers in a filament together. This may account for its ability to protect against cofilin-mediated severing. It may be interesting to determine whether the stapling effect of coronin could affect branching and debranching in lamellipodia.
Coronin had been postulated to remodel actin networks by directly interfering with actin nucleation by Arp2/3 complex (Humphries et al., 2002) . It had also been shown to recruit the cofilin phosphatase slingshot to leading edges of cells to regulate cofilin activity (Cai et al., 2007) . Now Cai et al. have provided provocative data indicating that coronin-1b can replace Arp2/3 complex and cortactin at filament branchpoints, making more flexible branches rather than simply unbranching them (Cai et al., 2008) . Whether these branches could disassemble by progressive phosphate release from the ADP-Pi on actin or whether cofilin might aid the debranching remains to be determined.
However, when combined with other actin-associated proteins, a more complex pattern emerges. Kueh and coauthors speculate that coronin-1a cooperates with cofilin and another less-well-characterized protein, Aip1, to cause the ribbon-like parallel strands of normal actin filaments to separate; the resulting ragged actin disassembles extremely rapidly, resulting in a series of bursts of disassembly . The activity required the presence of all three proteins (coronin, cofilin, and Aip1) because cofilin alone was shown to simply sever filaments along the length . While there may be controversy over whether this so-called bursting activity was really different from rapid severing, a new study from Gandhi and colleagues suggests a possible mechanism for the rapid bursts of filament depolymerization observed in some conditions (Gandhi et al., 2009) . They found that the b-propeller domain of coronin enhances the severing of newly polymerized ATP-actin filaments, while the coiled-coil domain and full-length coronin can effectively block severing of new actin networks. Thus, rapid bursts of depolymerization mediated by the tricomplex of cofilin, coronin, and Aip1 could be mediated by enhanced severing activity when coronin and cofilin synergize. Gandhi et al. postulate that coronin protects new actin networks against the action of cofilin severing and that coronin and cofilin synergistically sever older ADP actin networks (Gandhi et al., 2009 ).
There is a dissenting voice from the strong consensus that the Arp2/3 complex generates new filaments by side-branching Resch et al., 2002; Small et al., 2008) . This argument derives from an emerging range of ultrastructural data, generated using different imaging techniques and fixation methods, which suggest that the actin filaments of the mature lamellipod are unbranched. In this account, images of branched actin are artifacts caused by separate filaments annealing during critical-point drying or by addition of phalloidin to stabilize filaments. It remains tricky to reconcile these results with the substantial mass of established molecular and structural data surrounding branching. Disassembly of actin filaments and branches is as important to motility as the generation of new filaments. It will be interesting to know how the activities proposed for cofilin and coronin can be reconciled, and whether these new and dramatic effects attributed to coronin and its partners will stand the test of time.
Chemotaxis
A clear illustration that regulation of SCAR/WAVE proteins is unlikely to be a simple linear pathway was provided by observation of the dynamics of the SCAR/WAVE subunit Hem-1 (the homolog of Nap1 from hematopoietic cells; see Table 1 ) in chemotaxing neutrophils (Weiner et al., 2007) . By using total internal reflection fluorescence (TIRF) microscopy, Weiner et al. were able to follow plasma membrane recruitment of the SCAR/WAVE complex with unusual speed and resolution, and concluded that SCAR/WAVE activation occurs in waves, starting within the cell body and evolving outwards; when the waves reach the cell edge, they can break into surges of actin polymerization and thus protrusion of the leading edge. This is different from most models, in which a membrane receptor receives a signal and transmits it to Rac, which in turn binds to SCAR/WAVE complex and activates it at the specific spot where the signal was received. Traveling waves of proteins such as SCAR/WAVE imply a self-propagating system that does not depend on a signal from outside of the cell, but works from the inside. It is not yet clear how universal this phenomenon is, either in range of cell types or fundamental importance. It is also not clear whether the localization to membrane surfaces within the range of the TIRF evanescent wave reflects the active complex accurately. A more recent paper from the same lab (Millius et al., 2009 ) finds similar waves in fibroblasts, though they appear far less dynamic than the neutrophil waves. Does all neutrophil migration require waves? Or are the waves just an unusual case of normal actin movement? Does wave generation require external signals? Nevertheless, the existence of waves emphasizes the complex and spatially and temporally dynamic pathways that the field needs to explain, and provides an example of a phenomenon that might be generated by feedback and feedforward loops.
This approach may help to provide new paradigms in the chemotaxis field, which has been mired in increasing complexity soon after simple principles seemed to have emerged. Type 1 phosphatidylinositol 3-kinase (PI 3-K), which generates the lipid PIP3 from PIP2, had been seen as the key link connecting signaling pathways to cell movement and thus orchestrating chemotaxis, but the demonstration that neither neutrophils (Ferguson et al., 2007) nor Dictyostelium (Hoeller and Kay, 2007) require PI 3-K signaling for chemotaxis reversed the optimism (PI 3-K may be more important for chemotaxis in less motile cells such as fibroblasts; Schneider and Haugh, 2006) . Further Dictyostelium genetics, confirmed in neutrophils, has shown that another lipid signal deriving from a phospholipase A2 family member can act in parallel to PI 3-K (Chen et al., 2007) , though the pathways downstream of this enzyme are completely unclear. Other work has shown important roles for Ras and TOR complex 2 in both chemotaxis and random movement (Kamimura et al., 2008; Zhang et al., 2008) , though the evidence does not yet support either being tightly enough regulated to be the principal connection. Indeed, recent papers suggest that at least four different intracellular pathways connect upstream signaling to cell migration, suggesting that no single mechanism for signaling to induce chemotaxis exists (Veltman et al., 2008) .
In this context, the papers from the Weiner lab (Millius et al., 2009; Weiner et al., 2007) may provide part of an alternative paradigm. The traveling waves they see are presumably produced by the SCAR/WAVE complex and its regulators, without requiring direct spatial connections to signaling. Chemoattractants could thus affect migration by altering the behavior of the waves, rather than by causing formation of actin nuclei or actin structures. But they could exert similar effects by altering any one of the components of the excitable system that generates waves-and different signaling pathways could modify different components, which would leave no links that are essential for chemotaxis. This agrees much more closely with Andrew and Insall (2007) , who found that relatively shallow gradients of chemotaxis do not modify the basic motility of cells, but rather modulate the way cells choose between different protrusions. Thus the secret to chemotaxis may be in first understanding the interlinked processes that drive basal levels of motility, rather than concentrating on the points at which signaling couples to actin, which may turn out to be too complex for comprehension in the foreseeable future.
Blebs and Pseudopods at the Cutting Edge
Perhaps the most surprising change in our recent view of cell migration has been the general acceptance of the idea that mammalian cells use other mechanisms to make protrusions besides actin assembly. Until recently, new actin had been presumed to drive motility through a consistent mechanism, the ''Brownian ratchet,'' in which actin monomers added to filaments just under the protruding membrane. This mechanism is clearly important for assembly of lamellipodia and related structures. Recent improvements in microscopy technique have allowed cells to be examined under a wider range of physiological conditions, however, and this reveals different mechanisms. Individual cells invading through a 3D matrix, in particular, appear to move their leading edges through a different form of protrusion that sometimes resembles the blebs seen in apoptotic cells. The initial protrusion of blebs is driven by hydrostatic pressure from inside the cell, and while actin assembly is important, it occurs some time after the front has protruded. This process had been repeatedly observed before (reviewed in , and even formed the central plank in proposed mechanisms for chemotaxis (Bray and White, 1988) , but had been more or less neglected until a number of advances between 2002 and 2004 made it clear that this mechanism for movement wasn't restricted to a handful of strange and wonderful cell types, but could apply to a broad range of mammalian cells as well (reviewed in Pinner and Sahai, 2008a) . Furthermore, this alternative mode of motility could help to explain how some cancer cells invade other tissues during metastasis, and why drugs which block typical 2D movement have failed to inhibit metastasis in vivo (Wolf and Friedl, 2006) . To differentiate the mechanisms, the terms ''mesenchymal'' and ''amoeboid'' have been used for the lamellipodial-and bleb-driven mechanisms (the terms are unfortunate, as amoebas such as Dictyostelium use both mechanisms, with if anything an emphasis on mesenchymal migration, but the terms have gained widespread use).
Mesenchymal motility is characteristically driven by Arp2/3 and SCAR/WAVE, under the control of Rac, to give sheet-like protrusions, while amoeboid motility is more dependent on the contractility driven by myosin and regulated by Rho and its partner Rho-kinase (ROCK) and is mediated by rounded bleblike protrusions. Mesenchymal motility is said to depend on the activity of matrix metalloproteases when cancer cells are moving in 3D matrices, while amoeboid motility has been shown to occur even when proteases are inhibited (Friedl and Wolf, 2003) . The differences between mesenchymal and amoeboid migration have been one of the most interesting and rapidly moving areas of cell biology recently, and have therefore been extensively reviewed. Readers should consult these reviews for a complete description of the field (Charras and Paluch, 2008; Fackler and Grosse, 2008; Mitchison et al., 2008 
Review
Mesenchymal motility is perhaps simpler to understand than amoeboid motility. Mesenchymal cells have been extensively studied in 2D culture conditions for many years, and we have a fairly clear picture of how lamellipodial protrusion, coupled with myosin-driven retraction at the rear of the cell and balanced by dynamic adhesion to a substrate, might drive a cell forward (Mitchison and Cramer, 1996) . However, amoeboid motility remains more of a mystery and thus has attracted recent attention. An amoeboid cell is thought to produce blebs on its surface, which initially are membrane bubbles devoid of actin cytoskeleton. These blebs then fill in with actin cortex beneath the plasma membrane and may either retract back into the cell or be reinforced and metamorphose into a pseudopod or a lobopod that could undergo actin-based protrusion. How blebs form and where on the surface of the cell they form is not well understood. How they transform into pseudopodia-or indeed if they do-is also unclear.
The current dogma surrounding blebs and migration has been challenged by Lammermann and colleagues, who showed that leukocytes can migrate in vivo completely independently of integrins, using a flowing and squeezing mechanism (Lammermann et al., 2008) . They showed that adding the myosin II inhibitor blebbistatin to dendritic cells prevented motility primarily by preventing forward translocation of the nucleus, while inhibiting actin assembly inhibited forward motility by preventing protrusion. Their work strongly suggests that at least for leukocytes, actin-based protrusion drives forward motility and cortical contraction ''facilitates a protrusive mode of migration in confined environments where protrusion alone is unable to act against counter-forces'' (Lammermann et al., 2008) . This work challenges the currently developing dogma surrounding amoeboid and mesenchymal motility. It also highlights that we have to be careful about how we define words such as ''amoeboid'' and how literally we take these types of definitions. However, it could be argued that even blebs need actin assembly to retract, so in order to maintain a cycle of formation and retraction of blebs, actin assembly is necessary.
There is an interesting conflict over the source of the contraction that powers the hydrostatic expulsion of blebs. Myosin II-based contraction, stimulated by the Rho-dependent kinase ROCK, is clearly crucial. Many authors have presumed that such contraction must occur globally, so contraction all over the cell (but strongest, presumably, at the rear) focuses pressure on one or a few weaknesses in the cortex. But recent papers suggest that contraction occurs in the general area of the bleb, implying that the cell is a locally deformable, elastic network rather than a hydrostatically consistent bag of fluid (Charras et al., 2005) . The distinction is important, because it informs both the mechanisms driving bleb formation and the location of the signaling that controls it; it is much easier to conceive a signal that causes local contraction than one that must communicate to the rear to obtain contractile force.
Control mechanisms for myosin-driven versus actin-based protrusive migration have begun to be unpicked in some cancer cell types. Pinner et al. report interlocking signaling processes involving Rac, Rho, and ROCK (Pinner and Sahai, 2008b) . A screen of Rac activators revealed that a pathway involving DOCK3, Rac, and the actin-nucleating SCAR/WAVE complex promotes mesenchymal movement, while also suppressing amoeboid motility by diminishing myosin activity. DOCKs are Rac guanine nucleotide exchange factors (RacGEFs) that have been relatively understudied compared to DH-domain-containing RacGEFs, despite several lines of genetic evidence underscoring their importance (Nolan et al., 1998; Reddien and Horvitz, 2000) . Conversely, Pinner et al. postulated that ROCK activation could trigger a Rac-inactivating GAP protein, ARH-GAP22, to inhibit Rac and thus promote amoeboid migration (Sanz-Moreno et al., 2008) . This reciprocal link could ensure that mesenchymal and amoeboid migration are separate, stable states, and cells choose either one mode or the other, though they would be interconvertible by signaling. It is not clear yet how cell-type-specific this model will be, as different cell types may favor other RacGEFs and GAPs for the control of motility pathways through Rac.
Feedback, Integration, and the Whole Cell
The complexity of cell motility and its regulation, combined with our increasing molecular insight into mechanisms, cries out for a more inclusive and holistic approach, using systems biology or computational modeling, to connect the pathways to overall cell behavior. Recent years have added greatly to our identification of the control pathways and protein complex ''hubs'' that control aspects of cytoskeletal dynamics, and mediumthroughput screens (for example, Bakal et al., 2007) have shown the wide range of proteins that are required for cell migration, but understanding of the integration of the components remains poor. Actin polymerization is a complex process using a large number of highly evolutionary conserved proteins, and is above all cyclical; changes in disassembly at the rear of the actin meshwork must alter the availability of free actin and Arp2/3 complex, as well as alter both the mechanical forces acting at the leading edge and the effects of processes like adhesion. We believe that many of the pathways of control and the relationships between actin regulators described here are in real cells tightly bound up in feedback and feedforward loops, meaning that simple linear pathways are both inappropriate and-in many cases-dangerously misleading. The inconsistencies between recent studies of the same proteins or protein complexes may reflect cell-type differences, but are also likely to reflect unintended consequences of disrupting one link in a tightly regulated network. We clearly need inclusive models that can be used as sieves for experiments such as knockdowns of actin regulators.
There is an active and varied community of systems biologists and modelers in the cytoskeletal field that goes back many years. For example, perhaps the best explanations for how ATP hydrolysis in actin physically couples to movement of the leading edge are the Brownian ratchet (Peskin et al., 1993) and ''elastic Brownian ratchet'' (Mogilner and Oster, 1996) , which are mathematically formed models that counterintuitively use random thermal motion to couple actin monomer addition to forward protrusion. Other models range greatly in scale, from macroscopic phenomena-the paper showing Hem-1 waves (Millius et al., 2009; Weiner et al., 2007) also has a section using a model to show that traveling waves can explain some features of chemotaxis-to models that attempt to derive features of cell movement from the interactions of actin monomers and other molecules (Gholami et al., 2008 ). There is not room here for a thorough treatment of quantitative and modeling papers, but they are reviewed in Mogilner (2009) . However, it remains disappointing how little attention these approaches receive relative to the mainstream of published work, and how they are frequently overlooked in favor of hypotheses based on simple linear pathways. If the cell motility field is to emerge from the currently oversimplified approach of knocking down one or two proteins with siRNA and then basing our results on a linear model of how these proteins fit into actin pathways, we must work to develop a closer relationship between observations and systematic models like these. Whether it will be models based on cell shape and speed, on the emerging waves in neutrophils, or on parameters such as kinase and phosphatase networks, our future understanding clearly demands such intellectual frameworks that integrate simple observations with the true complexity of cell migration.
Models of Cell Motility: A Challenge for the Future
A different type of modeling, based on biophysical principles driving the evolution of cell shape, has been proposed (Keren et al., 2008) . These investigators used goldfish keratocytes, which are ideal for development of this kind of approach because they have a relatively well-defined shape and a simple and rapid mode of migration. They were able to describe the range of shapes that keratocytes assumed using only four parameters: cell area, ''D'' versus canoe shape (a measure of how much the leading lamellipod extended in the front of the cell), cell body position, and left-right asymmetry. Using these parameters, they perturbed cells in various ways and found that cells generally resumed the same shapes and speeds as before the perturbation. Thus, they concluded that cell shape and speed were intrinsic qualities of these cells and that each cell represented a dynamic system at steady state. In keratocytes, speed could also be predicted from the shape of the cell and the underlying actin network, indicating that the amount of polymerizing actin contributing to forward movement at any one time was the major determinant of cell speed. Will this type of model apply to other cell types? The immediate answer is no, because the stable migration of fish keratocytes is an unusual, extreme case; most cells assume far more reticulated and dynamically variable shapes. Cell speed is a complex parameter, with tens and perhaps arguably hundreds of variables contributing to it. However, by gradually increasing the number of cell shape parameters, it should be possible to produce a new model that accurately describes most aspects of the motility of, for example, fibroblasts on 2D flat surfaces. Of what value would such a model be? Earlier work from Gertler and colleagues on the actin binding protein VASP suggests that loss of activity of a single actin binding protein can have complex effects on cell migration behavior, but that this can be much more comprehensibly interpreted with the help of modeling based on known biochemical properties of the protein (Lacayo et al., 2007) . While it is easy to criticize this approachour knowledge of the properties and interactions of many of the molecules we work with is seriously incomplete-we would argue that at least for lamellipodial dynamics, a good understanding of the way actin is organized and assembled is beginning to emerge, making informative models a realistic and sensible goal.
